INTRODUCTION
Vortex generators (VG) are commonly used devices to control boundary layer separation. These devices are usually a triangular or rectangular vanes inclined at an angle to the incoming flow to generate a vortex shedding. These generators are usually dimensioned in relation to the local boundary layer height to allow for the best interaction between the vortex and boundary layer, and are usually placed in groups of two or more upstream of the flow separation area, Anderson [1] .
Vortex Generators have been investigated for more than fifty years in applied aerodynamics on airplane wings, Taylor [2, 3, 4] and Wentz [5] . These passive devices are used for flow control, modifying the boundary layer motion and bringing high momentum fluid down into the near wall region of the boundary layer, Figure 1 . Through this transfer of energy, the velocity of the inner region is increased at the same time as the boundary layer thickness is decreased, which in turn causes the separation of the flow to be delayed, Rao et al. [6] . Basic research on Vortex Generators mounted on a flat plate has previously occupied several researchers, Lin et al. [7] . Later investigations at moderate Reynolds number made by Kerho et al. [8] with vortex venerators used to control laminar separation bubbles, showed a significant drag reduction. Also Lin et al. [9] saw the Drag reducing and the Lift increasing effect of sub boundary layer VG. Wendt et al. [10] investigated an array of VG experimentally where the VGs were aligned to generate counter rotating vortices.
Vortex Generators are applied on wind turbine blades with the aim to delay or prevent the separation of the flow and to decrease roughness sensitivity of the blade. They are usually mounted in a spanwise array on the suction side of the blade and have the advantage that they can be added as a post-production fix to blades that do not perform as expected. Vortex Generators extend the lift curve by suppressing turbulent separation through mixing of the outer flow of the airfoil with the boundary layer. The delay of turbulence separation leads to higher maximum lift values and increased stall angles. An overview of different airfoils with several VG options is listed in van Rooij and Timmer [11] . So, adding VGs in wind turbine blades is a simple solution to improving the performance of a rotor, Schubauer et al. [12] and Bragg et al. [13] .
The effect of VGs in a 1MW Wind Turbine was investigated by Øye [14] , where a comparison between the measured power curve on a wind turbine with and without VGs, showed that VGs can be applied successfully, increasing the output power for nearly all wind speeds.
In the present study CFD simulations have been carried out by EllipSys3D CFD Code, Michelsen [15] and Sørensen [16] , and compared with a wind tunnel experiment, where a parametric study were performed over a single vane mounted on the test section wall in lowspeed wind tunnel. In this experiment the flow was recorded using Stereoscopic Particle Image Velocimetry in cross-planes at various positions downstream of the vane. The experimental conditions and setup are the same as described in Velte et al. [17] . In order to qualitatively compare the model with the measurement, the analytical VG model performed in the thesis work by Velte [18] is used.
The main objective of this article is to study the angle dependency of a single VG mounted on a flat plate; for this purpose CFD simulations have been carried out and compared with a wind tunnel experiment and an analytical VG model. So, the proposal of this research has been divided as Figure 2 shows. 
COMPUTATIONAL CONFIGURATION.
In the present work, steady state computations have been carried out and are compared to the experimental observations. These CFD computations were performed using the EllipSys3D code, Michelsen [15] and Sørensen [16] , as described in [19] . This in house CFD code is a structured finite-volume flow solver using, in this work, Reynolds-Averaged NavierStokes equations. The pressure/velocity copling is ensured using the SIMPLE algoritm and only steady-state computations have been performed. The convective terms are discretized utilising the third order Quadratic Upstream Interpolation for Convective Kinematics (QUICK), Khosla et al. [22] . For these computations the k-ω SST (Shear Stress Transport) turbulence model by Menter [20] was used.
This case consists in a single VG on a flat plate and the computational domain has been defined with the following dimensions, normalized with the VG height, Figure 4 . The flow domain width is 32 times the VG height and the height is 10 times. The flow domain length is 30 times the VG height in order to capture the generated vortex. The geometry dimensions of the rectangular VG are defined with a length of two times the VG height; see Figure 5 (a). The thickness of the vane is constant and with no sharp edges. A boundary layer is developed over test section floor, forced by the viscous interaction between the wall and the flow. The VG was positioned test section floor in such way that the boundary layer thickness at this location is equal to the VG height. dimensionalized by the VG height. Around the VG geometry, the mesh has 5 10 6 cells, while the mesh downstream the VG for capturing the wake has aproximatly 2.5 10 6 cells, Figure 6 . In order to resolve the boundary layer, cell clustering has been used close to the wall and the dimensionless distance from the wall is less than 2 (y+<2), as the SST turbulence model requires.
Verification of the mesh was performed by a mesh dependency study. Results obtained for the finer mesh (66 blocks of 65 
WIND TUNNEL EXPERIMENTS DESCRIPTION.
Considering the test section setup in Figure 7 , the measurements were carried out in a closed-circuit wind tunnel with an 8:1 contraction ratio and a test section of cross-sectional area 300 ×600 mm with length 2 m. At the inlet of the test section, a turbulence-generating grid with mesh length 39 mm was situated. ). The wind tunnel speed was obtained by measuring the pressure drop across an orifice plate. The turbulence intensity at the inlet from laser doppler anemometry (LDA) measurements has been found to be 13 %. The boundary layer thickness at the position of the vortex generator has been estimated from LDA measurements to be approximately δ VG = 25 mm. The actuator is a rectangular vane of the same height as the local boundary layer thickness, h = δ VG , with a length of 2h. The vortex generator was positioned on a vertical wall in the center of the test section with its trailing edge 750 mm downstream of the inlet grid when it is at zero angle to the mean flow.
The measurements were conducted in a spanwise plane, with plane normal parallel to the test section walls, positioned five device heights downstream of the vortex generator. The SPIV equipment was mounted on a rigid stand and included a double cavity New Wave Solo 120XT Nd-YAG laser (wavelength 532 nm) capable of delivering light pulses of 120 mJ. The pulse width, i.e., the duration of each illumination pulse, was 10 ns. The light-sheet thickness at the measurement position was 2 mm and was created using a combination of a spherical convex and a cylindrical concave lens. The equipment also included two Dantec Dynamics Hi Sense MkII cameras (1344 ×1024 pixels) equipped with 60 mm lenses and filters designed to only pass light with wavelengths close to that of the laser light.
ANALYTICAL MODEL FEATURES.
The starting point is the classical Lamb-Oseen vortex model; see Figures 8 (a) , l is the helical pitch, i.e., the period of the helical vorticity lines. This condition for helical symmetry can also be formulated in a simple linear manner for the corresponding velocities:
where the integration constant u 0 is the vortex convection velocity. u 0 , uz and u Ө can be found directly from the data, the circulation  can be found by integrating across the vortex ore and  from fitting the expression for  c applied.
z to the data. The helical pitch l can be found in many ways, e.g., from least square fitting of the velocity formulation above to the data. It has been observed in [17] , which also describes the theory more in detail, that the Batchelor vortex model combined with the above model for helical symmetry can be Note that this model is very general in the sense that it does not leave any restrictions on the shape of the vortex core. Further, this model can describe the full flow in a plane using merely four parameters: , u 0 , l and . The full vortex can be described by extending this model with simple self-similarity analysis of both the wake and the rotational velocities [21] .
RESULTS.
Four different angles of attack β (20º, 25º, 30ºand 35º) of the VG to the incoming flow were chosen for the computations and subsequently compared with the wind tunnel experiments and an analytical model as described in [18] as a quantitative comparison.
Computational results
CFD results of a single VG on a flat plate were performed using the EllipSys CFD code. Figures 9 (a), (b) , (c) and (d) show the evolution of the vortex generated downstream the trailing edge of the VG for the CFD case with the device angle of incidence β as a 20º, 25º, 30º and 35º, respectively. The inner separation between planes is four times the VG height. 
Quantitative Comparison.
As a quantitative comparison, wind tunnel measurements and an analytical model of the primary vortex is considered in the context of the CFD simulations. This Analytical Model described in [18] , reduces the complex flow to four parameters (circulation, convection velocity, vortex core radius and helical pitch) and enables quantitative comparison in addition to the qualitative one. Figure 10 represents the axial u z (upper) and azimuthal u θ (lower) velocity profiles calculated for 20º, 25º, 30º and 35º degrees of the device angle. These values were extracted in a plane normal to the section wall five device heights downstream of the VG, along a line parallel to the wall passing through the centre of the primary vortex. In order to analyse the quantitative differences between the computational results and the experimental data, the Root Mean Square Error RMSE has been calculated:
The differences between the wind tunnel measurements and the CFD computations are represented in Figure 11 . Green colour bars illustrate the axial velocity differences and the yellow ones the azimuthal differences, both of them between the wind tunnel experimental data and numerical results of the CFD simulations. 
DISCUSSION.
Simulations results of 20º and 25º degrees of the device angle compare well with the experimental and the analytical model. However, significant differences were observed as the angle of attack increases. One reason for these differences could be that the boundary layer evolution along the wall was not accurately performed in the simulations to reproduce the same boundary layer profile facing the leading edge of the VG as in the wind tunnel experiments.
As Figure 10 shows, at 20 degrees of angle of attack the CFD results are well matched with wind tunnel experimental data and the analytical model, both for the axial and azimuthal velocity profiles. Also, the advection velocity in both cases matches very well. However, the perturbation from a secondary vortex (see also , which is observed in the asymmetry to the right in the axial velocity profiles, seems to be stronger in the CFD case. This secondary vortex is present with variable strength at all considered device angles, introducing a disturbance in the flow field of the main vortex. However, the influence is more notable in the case of 20 degrees. In the 25 degrees of angle of attack case, the axial velocity profiles show excellent agreement in all the cases, though the azimuthal velocity profile of the CFD case starts displaying relevant differences with the wind tunnel data and the model. For all four VG angles it is seen that the axial velocity is predicted much better than the azimuthal one. In the azimuthal profiles, it is evident that the swirl increases with increased angle of attack. Unfortunately, the CFD simulations are not able to accurately capture this increase.The bar chart of Figure 11 illustrates that, when the device angle is increasing, the RMSE increases as well, above of all in the azimuthal velocity profiles. These differences in the azimuthal velocity profiles could be explained due to the difficulties of the turbulent models to capture the swirling flows with high accuracy.
CONCLUSIONS.
In this paper, vortices generated by a passive rectangular vane-type vortex generator of the same height as the boundary layer thickness in a flat plate have been studied. CFD computational simulations with four different angles of attack β (20º, 25º, 30ºand 35º) of the VG to the incoming flow have been carried out using the RANS method and compared with wind tunnel experimental data and an analytical model. Some differences have been noticed between the computational results and the experimental ones, above of all in the azimuthal profiles. Also it was observed that the differences in the axial and azimuthal velocity profiles are more relevant as the device angle increases. More work is therefore required in order to address these problems.
For future investigations, it would be highly interesting to achieve more experiments and CFD simulations at height Reynolds numbers, which provide more realistic flow conditions for most applications. Actually, experiments have already been performed in a high Reynolds number boundary layer and are under processing. This boundary layer, acquired in a unique wind tunnel in Lille, France, can accurately follow the well known log-law etc. and these measurements will therefore naturally form a better basis for CFD validation. 
